Isotropic compression tests have been performed on two fine sands. Specimens of Nevada sand were prepared by air pluviation and by funnel deposition followed by tapping to relative densities of 30, 50, 70, and 90%. Specimens of Santa Monica Beach sand were prepared by air pluviation to a relative density of 90%. All specimens exhibited crossanisotropic behavior, both in terms of total strains and in terms of unloading strains. Small pressure cycles performed during loading and unloading were used to study elastic behavior. The inclination angles of the total and plastic strain increment vectors relative to the hydrostatic axis in the principal stress space were used to express and to study the evolution of cross-anisotropy in the sand deposits. In the context of elasto-plastic constitutive modeling, the variation of the inclination of the plastic strain increment vector was further characterized by a rotation of the plastic potential surface as a means to capture the inherent cross-anisotropic behavior observed in such sand deposits.
INTRODUCTION
Most natural soil deposits have been formed by air or water pluviation and form nearly horizontal layers whose mechanical properties can best be described as crossanisotropic with a vertical axis of symmetry. Many artificial deposits used in engineering practice are often constructed in layers with subsequent compaction, again, forming a cross-anisotropic structure with a vertical axis of symmetry. The responses of all these deposits in vertical and horizontal directions may be determined from axisymmetric experiments to characterize the inherent cross-anisotropic behavior. Independent observation of the deformation processes in both directions in isotropic compression tests allows determination of the degree of initial anisotropy of the internal structure and its evolution without interference from any additional anisotropy effects caused by asymmetric loading patterns.
The main goals of this experimental investigation are to investigate the evolution of initial cross-anisotropy with isotropic pressure, thus separating the effects of stress-induced from inherent anisotropy.
It is intended, therefore, to characterize the inherent cross-anisotropy of laboratory prepared sand specimens deposited by (1) air pluviation and by (2) funnel deposition with subsequent densification by tapping the specimen mold. The characterization will be presented within the framework of elasto-plastic modeling.
PREVIOUS STUDIES
Anisotropic fabric of sand deposits may be studied directly and quantified using microscopic or naked eye techniques for materials with larger particles. A number of studies were performed in the late sixties and early seventies of the fabric characteristics of random assemblies of 2-D and 3-D particles as well as natural sands. Weindieck (1967) , Parkin et al. (1968) , Arthur and Menzies (1972) , Oda (1972 a, b, c), El-Sohby and Andrawes (1973) systematically studied the anisotropic nature of granular materials. It was found that when natural sand or even perfectly round spheres are deposited under force of gravity, the material structure becomes cross-anisotropic in nature. The major reason for this structural anisotropy was found to be a preferred distribution of interparticle contacts that favored the direction of deposition in the presence of the gravitational field.
The interparticle contact normals are not so easy to determine, but the sand fabric may alternatively be characterized by other measures, such as the preferred orientation of particle long axes. This was done for sands sedimented through both air and water (Oda et al., 1978) . Similar characterization was made by Ochiai and Lade (1983) and by Lade and Wasif (1988) for specimens of Cambria sand.
To throw additional light on the effect of crossanisotropy on the stress-strain behavior of soils, and to obtain consistent sets of data with clear influence of the Since no deviatoric loading through the top plate was needed, the hole for the axial loading rod assembly was used for the electric wire from a centrally located LVDT mounted in a simple, sturdy gallows right above the specimen inside the triaxial cell, as shown in Fig. 1 (1973) . The details of this method are given later. Isotropic air pressures up to 2 MPa were supplied from the house line (100 psi = 690 kPa) through a 5:1 amplification booster. Several pressure regulators connected in series provided stability of the air pressure supplied to the triaxial cell.
A simple valve switchboard system was developed in order to gain improved efficiency and convenience during the set-up and testing procedures.
The switchboard, shown in Fig. 2 , allowed for an easy implementation of each step during the specimen set-up, saturation, and loading sequence, as well as effective transition from one stage to another. Expelling the air bubbles from all the pressure lines and maintaining them bubble free throughout the entire test, transitions from the specimen set-up to the introduction of the CO2, to the saturation with deaired water, to the B-value check, and to the loading stage of the test were made completely trouble-free, dramatically improving the overall testing success rate. No water or pressure lines needed to be disconnected or reconnected during the entire test, thus avoiding potential air entrapment that could result in reduced degree of saturation and consequently in errors in the volume change measurements.
SANDS TESTED
Two sands were used in the isotropic testing program. These sands had small average grain sizes, thus minimizing membrane penetration effects. The majority of testing was performed on Nevada sand, and tests were also performed on Santa Monica Beach sand to provide the necessary parameters and correlations for a series of true triaxial tests performed to study cross-anisotropy in stress-strain behavior and failure conditions for this sand (Abelev and Lade, 2003a; Lade and Abelev, 2003) .
The basic properties for Nevada sand and Santa Monica Beach sand are presented in Table 1 . The maximum void ratio was determined by placing an amount of dry sand in a 2000 ml graduated cylinder, sealing it at the top, inverting the cylinder, and then slowly restoring it to the upright, vertical position again. This method results in a very loose sand structure. This procedure was repeated until consistent results were achieved. The minimum void ratio was determined by air pluviation of the dry sand through several sieves into a graduated cylinder at a slow rate of deposition.
Several deposition rates and fall heights were tested until consistent results in achieving the maximum density were obtained. The maximum and minimum void ratios obtained using these techniques define a wider range of densities than those obtainable by traditional ASTM procedures.
Since the main goal of the present investigation was to study the phenomenological behavior of sands, only one of the two sands was tested extensively. Nevada sand with the finer particles was tested at four different densities from loose to dense. The corresponding values of relative density were 30, 50, 70, and 90%. Santa Monica Beach sand was only tested at a relative density of 90%, the same density as used in the series of true triaxial tests (Abelev and Lade, 2003a; Lade and Abelev, 2003) .
SPECIMEN PREPARATION TECHNIQUES
The specimens tested in isotropic compression had height = diameter = 9.65 cm. Two very commonly used (e.g. Mulilis et al., 1977) specimen formation techniques were employed in this study: Air pluviation (referred to as AP) and funnel deposition followed by densification by tapping the side of the mold (referred to as FT). A third method, rodding compaction, was also attempted and several test specimens were produced. In this technique, the sand is poured into a mold, and a small diameter rod is repeatedly introduced through the sand to densify it to the desired density. This technique failed to produce the desired repeatability after several attempts, and it was consequently discarded.
In the air pluviation procedure, the dry sand is deposited through a series of five sieves at controlled rate of deposition using the setup shown in Fig. 3 . This established a uniformly dispersed flow of sand through the vertical tube. In general, two factors control the resulting density: the deposition height and the rate of pouring the sand. It was established empirically that for a drop height of 40 cm or greater, the rate of deposition was the only dominant factor that controlled the density of the specimen. The height was therefore fixed at 40 cm, controlled by the cardboard tube, and only the deposition rate was varied.
The rate of deposition necessary to produce the four target densities for Nevada sand and the one density for Santa Monica Beach sand were controlled using empirically designed circular plates inserted on the bottom of the top sieve. These removable plates were perforated with holes in a symmetrical pattern. The combined number of holes was determined after a number of trials for each one of the four chosen densities. With this configuration, the predetermined amount of sand was poured quickly into the container at the top of the assembly from where it flowed through the sieves, thus filling the target volume of the specimen precisely. No additional tapping or other densification was required. This method produced uniform specimens with remarkable repeatability. The second technique implemented in this study was funnel deposition followed by densification by tapping the mold. In this method a predetermined amount of sand is poured into the specimen mold through a funnel using a minimum drop height. The funnel is gradually raised as the sand fills up the mold. Tapping the side of the mold densifies the specimen to the required volume, and the desired density is achieved.
CORRECTIONS
TO MEASURED TEST DATA High resolution was required for accurate measurements under the conditions tested. Thus, the centrally located, internal, vertical displacement transducer was calibrated specifically for each sand density, anticipating various maximum displacements within each test. The full scale of each of these calibrations was varied, thus yielding added accuracy when needed. Also, the magnitude of the small-amplitude unloading-reloading cycles varied, depending on the actual deformation recorded. Thus, at higher pressures, where the specimen had already reached significant compression and the overall deformations were small, higher magnitudes of small cycles were employed to assure sufficient accuracy of measurements at that particular state.
Volume change measurements were also treated accordingly. The volume change device was outfitted with small internal diameter tubes, to be able to record very small volume changes and the tubes were calibrated for the range of volume changes expected in a specimen of a given density.
Special signal filtering and amplification of the electrical signals was used to ensure high accuracy of measurements. Proper electrical grounding was also ensured to minimize the influence of electrical noise.
All calibrations for the ranges selected were performed in small increments over several cycles, from the minimum to the maximum value expected in the experiments. Remarkable repeatability and linearity of devices was recorded. Overall, it is believed that accuracies in displacement and volume change of 0.0005 mm and 0.01 cm3, respectively, were achieved.
Membrane Penetration Effects
Several membrane correction techniques were attempted.
The authors' experience indicates that the method proposed by Frydman et al. (1973) produces reliable results for a variety of materials and conditions tested. Membrane corrections were made for experiments on both Nevada sand and Santa Monica Beach sand. These corrections resulted in minor shifts in some diagrams, but they did not result in any fundamental changes in major observations or conclusions made.
According to Frydman et al. (1973) , the volume change due to membrane penetration, A Vm, is calculated as follows: (1) and p is the isotropic pressure.
The variable S can be determined from the following empirical expression: (2) in which D50 is the mean grain size of the sand tested and Am is the surface area of the exposed membrane. The values of the parameter S, calculated for the two sands tested were 2.248 x 10' and 4.525 x 10' cm3/cm2 (Nevada and the Santa Monica Beach sand, respectively).
ELASTIC AND PLASTIC COMPONENTS
To characterize the total measured strains in terms of elasto-plasticity, it is necessary to separate the elastic and the plastic components from each other. This may be done by determination of the elastic strain and subtracting it from the total strain over the same stress increment to achieve the plastic strain component:
The response of the sand may be treated as purely elastic when loading is restricted to small-strain cycling (see e.g. Burland, 1989) . Small cycles of isotropic stress were performed at each load increment during loading of the specimen to the maximum pressure and during unloading back to the original state. These pressure cycles had to be small enough to avoid plastic straining, and they had to be large enough to produce sufficiently significant magnitudes of axial and volumetric deformations that they could be measured reliably. These contradicting requirements were made particularly difficult by the fact that the magnitudes of deformations in isotropic compression of sand are usually rather small. Additionally, the magnitude of the pressure cycles had to be gradually increased in order to provide significant deformations as the loading progressed to levels with increasing stiffness due to increasing isotropic pressure.
Isotropic compression tests without small pressure cycles were also performed for comparison with those with small pressure cycles. This comparison would then provide the necessary information on the amounts of accumulated plastic deformation, if any, due to the pressure cycling.
The angle of inclination of the strain increment vector to the hydrostatic axis 0 may be found from the following expression:
The angle 0 is considered positive when the strain increment vector is pointing downwards from the hydrostatic axis, as shown in Fig. 4 . This is found to be the case for cross-anisotropic soil deposits that are stiffer in the vertical than in the horizontal direction, the most common case for soil deposits. Figure 5 shows typical results for tests on air pluviated sand with small amplitude pressure cycles. These are used to determine the elastic strain increments at respective pressure points. The diagrams show that there was very little accumulation of additional plastic strains during pressure cycling as the points of subsequent reloading coincided closely with the points of initial unloading. Results similar to those in Fig. 5 were observed for all four relative densities and for both methods of specimen formation. Figure 6 shows comparisons of stress-strain curves for tests without (series 2a) and with (series 4a) small amplitude pressure cycles. In this figure, the small pressure cycles are omitted for clarity in data evaluation. Note that the series with small pressures cycles were carried up to pressures slightly above 1600 kPa, while those without 
ANALYSES OF TEST DATA
The angle of inclination of the total strain increment to the hydrostatic axis and its evolution during isotropic loading may serve as an indicator of the overall degree of inherent cross-anisotropy of the sand structure consisting of both elastic and plastic contributions.
The inclination angle ar may be calculated from Eq. (4) using total strain increments. Figure 9 shows the variation of OT for the test on AP Nevada sand with a relative density of 90%, i.e. the test data shown in Fig. 5 . The solid points were calculated from the experimental data. They exhibit some scatter around the smooth curve shown on the diagram. Figure 10 shows the variation of the inclination angles for the plastic strain increment vectors calculated from Eq. (4) and the experimental results for both AP and FT specimens. The calculated variation shows decreasing Op with increasing isotropic pressure. The loose deposits reach isotropic behavior at lower pressures than the dense deposits, and AP deposits achieve isotropic behavior Calculation of inclination angles, such as O shown in Fig. 10 as well as tangent moduli from experimental stress and strain data, often results in scatter in these quantities due to the fact that small increments in stresses and strains are employed, and these are affected by small variations in measurements, by erratic scatter in the test results, and the consequent less than completely smooth nature of real, measured data. To produce more consistent analyses of test data, it may be an advantage to fit mathematical functions to the original data and perform the analyses using these functions. Most models for elastic behavior of soils utilize power functions of stress quantities for modeling the elastic moduli, as for example: Janbu (1963):
Hardin and Black (1969):
Lade and Nelson (1987):
in which pa is atmospheric pressure in the same units as E, G, B, and the stress quantities 63, 60, /1, and ,IL The coefficients in front of the equations and the powers n and dimensionless material parameters.
When applied to isotropic compression, these models all reduce to power functions of the isotropic pressure, p. Therefore, when plotting the relationship between e.g. the elastic bulk modulus, B, and the isotropic pressure, p, in a log-log diagram, then a straight-line relationship will be obtained, as indicated in Fig. 11 for Nevada sand. This diagram shows the effects of specimen preparation method and relative density on the bulk modulus. As expected, the sand specimens exhibit bulk moduli that increase systematically with relative density and with confining pressure. The AP specimens are stiffer than the FT specimens.
Power functions similar to those in Eqs. (5)- (7) are also used successfully to model the plastic strains observed during loading in isotropic compression tests (e.g. Lade and Kim, 1988a) . Since the integrated version and derivatives of power functions are themselves power functions, then fundamental stress-strain curves of the types shown in Figs. 5 to 8 may be fitted with power functions of the following type: (8) in which eo represents the axial and volumetric strains that would occur below the initial confining pressure, but were not measured in the tests. The tangent moduli from the axial and volumetric strain-pressure curves may then be obtained as follows: Fig. 9 . Evolution of inclination angle of total strain increment vector to the hydrostatic axis in test on specimen of air pluviated Nevada sand at a relative density of 90% 
The parameters K1, Kv, n1, and nv may be found from the experimental results by estimating co and determining the best fitting power function of the type given in Eq. (6) . Figure 12 shows the determination of parameters for both total strains (loading) and elastic strains (unloading) for test no. AP-90-4a, for which the basic data were previously shown in Fig. 5 . Table 2 gives the model parameters, K1, Kv, n1, and nv, obtained from total strain increments (elastic and plastic strain increments from the loading branches) and from elastic strain increments (from the unloading branches) for Nevada sand and Santa Monica Beach sand prepared in specimens by the AP and the FT methods. These parameters may then be used to calculate the directions of the strain increment vectors in the triaxial plane, as follows:
The ratio of strains, p, is determined from:
The variation of 0 may then be calculated by substituting Eq. (11) into Eq. (4). The line indicating the variation of for total strain increments in Fig. 9 was obtained through this procedure. This procedure may also be employed to determine the direction of the plastic strain increment vector by subtracting the elastic strains from the total strains as indicated in Eq. (3). The following expression for p is then obtained for plastic strain increments: (12) This expression may be substituted into Eq. (4) for calculation of Op and its variation with isotropic pressure.
ANALYSES WITH CROSS-ANISOTROPIC ELASTIC STRAINS
Expressing the elastic behavior as cross-anisotropic in a constitutive model can be done by defining appropriate expressions for the five independent constants: two moduli and three Poisson's ratios, as shown e.g. by Yu and Dakoulas (1993) for soils. This is not required for the experiments presented here. Independent measurements of axial and volumetric responses during unloading is sufficient to calculate the plastic behavior with appropriate cross-anisotropic representation of the elastic behavior.
Thus, the plastic strain increments are obtained by subtracting the elastic strains (obtained from the small pressure cycles upon loading) from the total strains (13) Figure 13 shows the resulting variations in inclination of the plastic strain increment vectors to the hydrostatic axis. These smooth curves expressing the variation of Op with isotropic pressure are directly comparable with the experimentally determined variations of O shown in Fig. 10 . The pattern of behavior in Fig. 13 is clearer, and conclusions may be derived with greater ease than from Fig. 10 . All curves originate at approximately the same but different points for each of the two specimen deposition methods. At the initial isotropic pressure of 40 kPa the initial inclination angle of the plastic strain increment vector is approximately 22 degrees for the FT specimens and about 18 degrees for the AP specimens. The evolution of plastic anisotropy towards isotropic behavior is faster for loose than for dense sand. Both groups of curves appear to be almost evenly spaced at the higher p-values, and they indicate the effects of density variation. The plastic response approaches isotropic behavior at higher values of isotropic pressure. Equation (13) allows estimation of the value of p at which Op becomes zero, i.e. the pressure at which the plastic soil response becomes isotropic. Only p is unknown in the expressions for the incremental strains in Eq. (13) . Thus, by setting p = 1/3 in Eq. (13) and solving for the only unknown, p, the isotropic pressure in question is produced. However, such calculations rely on the accuracy of the power functions to capture the soil behavior at extrapolated pressures considerably higher than those used for testing.
From Fig. 13 it may be estimated that isotropic behavior is reached near 2200 kPa for the loosest AP sand, while 10 to 20 MPa may be required for isotropic behavior of the dense FT sand. It is unlikely that such high pressures are in reality required for isotropic behavior. They are well beyond those required for crushing of quartz sand (e.g. Yamamuro et al., 1996) , and the sand may begin to exhibit isotropic behavior at earlier stages where crushing begins. Thus, the power function fits may not model the actual sand behavior with sufficient reliability at the higher pressures where crushing initiates.
ANALYSES WITH ISOTROPIC ELASTIC STRAINS
Because characterization of elastic cross-anisotropy requires five independent parameters in the generalized form of Hooke's law, and because the elastic strains are often small compared with the inelastic (plastic and timedependent) strains encountered in a problem, the elastic behavior may, for simplicity, be characterized by an isotropic model, requiring only one value of Poisson's ratio and one elastic modulus, e.g. one of those given in Eqs. (5)-(7).
For an isotropic material, the elastic strain increment vector should be directed along the hydrostatic axis such that OE = 0 corresponding to p = constant = 1/3. This requires that the exponent in Eq. (11) To analyze the data with the assumption that the material is truly isotropic, the elastic strain increment vector must be directed along the hydrostatic axis such that OE = 0 corresponding to p= constant = 1/3. This may best be simulated in the present study by disregarding the axial unloading strains and assuming the volumetric unloading strains to represent isotropic behavior. Thus, one third of the volumetric unloading strains will be taken to represent the axial unloading strains. The (14) Figure 14 shows the resulting variations in inclination of the plastic strain increment vectors to the hydrostatic axis. The general order of the curves is preserved in this analysis, as compared to the one discussed above. However, the smooth curves are different from those in Fig. 13 . The initial values of the inclination angles are higher, by as much as 7 degrees (FT method) and 5 degrees (AP method), and the curves indicate that isotropic behavior is achieved at much lower pressures than those obtained using the cross-anisotropic representation for the elastic strains.
As before the value of p at which O becomes zero, i.e. the pressure at which the plastic soil response becomes isotropic, may be estimated from Eq. (14) , in which p is the only unknown when p = 1/3. Figure 14 indicates that isotropic behavior is reached near 1300 kPa for the loosest AP sand, while 3 to 4 MPa may be required for isotropic behavior of the dense FT sand. These pressures are comparable with those required for initiation of crushing of quartz sand (Yamamuro et al., 1996) . They are therefore more likely to represent realistic values of pressure at which isotropic behavior is initiated than those obtained under the assumption of cross-anisotropic elastic behavior of the sand. It would be logic if both the AP and FT Nevada sand were to exhibit plastic as well as elastic cross-anisotropic behavior due to the preferred distribution of interparticle contact normals. There does not appear to be any obvious explanation why the assumption of isotropic elastic behavior produces better overall comparisons with the experimental results.
EXPERIMENTAL
RESULTS FOR SANTA MONICA BEACH SAND Isotropic compression tests were also performed on specimens of Santa Monica Beach sand prepared by air pluviation at 90% relative density. Two tests (5a and 7a) were performed with small pressure cycles, but these cycles were larger in one than in the other test. These pressure cycles were used to determine the elastic components of deformation.
Testing procedures similar to those used for Nevada sand were employed. Figure 15 shows the variation of axial and volumetric strains with isotropic pressure. The plots show remarkable repeatability, and the lines virtually coincide, except in one case. The close match suggests that the magnitude of the pressure cycles did not affect the overall response of the specimens and did not cause any significant additional plastic straining, supporting the observations made for the isotropic tests on Nevada sand.
The inclinations of the total strain increment vectors to the hydrostatic axis are shown in Fig. 16 for both experiments. The actual inclinations, as well as fits using power functions, are calculated in the same manner as above. The data, when analyzed to indicate the incremen- The concept of coordinate transformation of the principal stress space may be employed to capture material cross-anisotropy.
The transformation proposed here represents an extension of a suggestion by Lewin et al. (1982) to reduce the behavior of a cross-anisotropic material to a pseudo-isotropic state. The change consists of a rotation in the triaxial plane containing the o-i-axis around the normal to this plane at the stress origin, as shown in Fig. 18 .
The experimental results of isotropic compression tests analyzed and presented above may be used in characterization of inherent cross-anisotropy in constitutive models for soils. The constitutive model employed here is the single hardening model for frictional materials proposed by Kim and Lade (1988) and Lade and Kim (1988a, b) . It has been shown (Abelev and Lade, 2003b ) that crossanisotropy in the failure condition may be modeled by rotation of the isotropic failure surface (Lade, 1977) in the vertical triaxial plane of the principal stress space. It appears from the above analyses that rotation of the plastic potential, which is employed for derivation of the plastic flow rule, may achieve a similar goal, namely characterization of the inherent cross-anisotropic plastic stress-strain behavior associated with in-situ soil layers.
The plastic flow rule is derived from the following expression: Fig. 16 (15) in which dil is a proportionality factor and gp is the plastic potential function. The isotropic plastic potential function developed by Kim and Lade (1988) is employed in the present study: (16) in which the three stress invariants are given in terms of principal stresses as follows:
The parameter tgi acts as a weighting factor between the triangular shape on the octahedral plane (from the /3 term) and the circular shape (from the /2 term), the parameter W2 controls the intersection with the hydrostatic axis, and the exponent ,u determines the curvature of meridians in the triaxial plane, as shown in Fig. 18 . The plastic potential is shaped as an asymmetric cigar with a smoothly rounded triangular cross-section. The shape of the meridians account for the rather abrupt change in volume change behavior near the hydrostatic axis observed in experiments.
Substituting Eq. (16) Fig. 18 for one plastic strain increment vector.
Thus, the angle Op studied above is employed in the positioning of the plastic potential, which is rotated by the angle a, indicated between the hydrostatic axis and the pseudo-hydrostatic axis. The plastic potential is still isotropic in the rotated coordinate system. However, the stresses that enter into the analysis, i.e. the isotropic pressure originally located on the hydrostatic axis, are now rotated away from the hydrostatic axis by a rotation of a. The analysis required to determine the value of a involves the expression for the plastic strain increments given in Eq. (20a-c). The a-value changes with increasing pressure, and it depends on the shape of the plastic potential surface near the hydrostatic axis. This shape is controlled by the values of wi, W2, and ,u, as seen from Eqs. (20a-c) and (21) . For AP Santa Monica Beach sand at a relative density of 90%, these values were determined to be wi = 0.0256, v'2=-3.606, and ,ti = 2.133. The formulas that govern the coordinate rotation can be derived from Euler's theory as shown by e.g. Gasson (1983) and consist of a transformation matrix (see e.g. Korn and Korn, 1961) relating the non-rotated original system of principal stresses, (61, a2, 63) and the rotated stresses indicated by asterisks (al, al, ol). The only parameter occurring in the transformation matrix is a:
(22a-c)
The rotated principal stresses (with asterisk, *) are then inserted into the expressions for the plastic strain increments in Eq. (20a-c), and these are employed to calculate the value of p, which is inserted into Eq. (4) for calculation of Op. The calculated value is compared with the value measured at the stress point in question. For each experimental value of the inclination angle Op of the plastic strain increment vector, the corresponding value of the coordinate rotation a is then calculated numerically. Figure 19 shows the results of this calculation for one of the isotropic tests on Santa Monica Beach sand. The diagram includes the calculations based on measured experimental points as well as calculations based on the fitted functions, the latter producing the smooth line. It is seen that as the isotropic compression of a crossanisotropic material progresses, the axis of the plastic potential surface rotates from its initial to its final position coinciding with the true hydrostatic axis. It is interesting to note that for the plastic potential developed for the single hardening model and employed here, the maximum rotation amounts to a() = 1.033 degrees. This moderate amount of rotation has the effect of modeling the relatively large deviations from isotropy expressed by as high as 30 degrees.
CONCLUSIONS
The cross-anisotropic behavior of laboratory prepared sand deposits has been studied in isotropic compression tests performed on two fine sands. Specimens of Nevada sand were prepared by air pluviation and by funnel deposition followed by tapping to relative densities of 30, 50, 70, and 90% . Specimens of Santa Monica Beach sand were prepared by air pluviation to a relative density of 90% . During the isotropic compression tests, the specimens exhibited cross-anisotropic behavior both in terms of total strains, assumed to consist of elastic and plastic strains, and in terms of unloading strains. Small pressure cycles performed during loading and unloading were used to study elastic behavior.
The inclination angles of the total and plastic strain increment vectors relative to the hydrostatic axis in the principal stress space were used to express and to study the evolution of cross-anisotropy in the sand deposits with increasing isotropic pressure. The plastic strains were calculated from the total strains with assumptions of cross-anisotropic and isotropic elastic behavior. The variation of the inclination of the plastic strain increment vector with increasing isotropic pressure was used to further characterize the initial value and the decay in rotation of the plastic potential surface employed in an elasto-plastic constitutive model as a means to capture the inherent cross-anisotropic behavior and its decay with increasing isotropic pressures. 
